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Bacigrour.!. Orior precision hocer studies!s’ have shown that the in-
Creer o cuantitat bve fhaphe informarinn with a pictorial terrain presen
the tiiont situatie:s drte g ~iuaYe Sisplav s useful tor approact .t
o anatiented greas. Toe 280 icwl:. of holdirg position In a manual pi.
reavared that vround position and rate ne displayed to ti..
Dot I these same stidie ., ot was also shown that the positioning errors
oo the order of 5 feel cas and less.,  Although such a figure might sa: -

rogquirements for Medevac aand Advanced Helicopter (AAH) hover misisions,
"HLH) mission. To increase the

worklead, ncecleration informatton

v hover toase

X it
et et satrsi. the deavy Lt Helicoaprer
» and perhaps decreasye pilag

' U AUl e
added to the integrated Tr1§vrtnrv Frror Display (I7TFDY. This new svmhul
crotininary testing redaecd Che positinning crrors Yy 50 percent and pllot
st owas vory Daverabie e doy “)lLNtltationa in the displav. As a4 re-

Lo CandBactaae ddraiatien weany tiee Jactical Avienics Sy=tem Simulatos
C1 was conduste! re nvestizate the merits of the acceleration symbo!

b. Objectiva. The objective ot this studv was to determine the appr: -
“iate displav gains for the acceleration, veloclity, and position symbolougy as
runction ot three ditferent control svstems, the Automatic Stahilization
wipment (ASE), the Stability Musmentation 3vsiem (SAS), and the Hover Auy-
stalion Svstem CHAS) . The resules of tne study, optimired display gatos for

ci~ion hover, would be incornorated into the Research Aircrait in Visual
ironment (RAVY) nroject nrec:sion hover flight tests. :

SUMMARY OF RESULTS

The results of the experiment have demonstrated that superimposed s.m-
logy of ground referenced acceleration along with velocity and position on
: v{deo image is required to obtain minimal hover position errors. Also, for
+ertain combinations of displaved gains, the hover position errors appeared tu

independent of the flight control augmentation.

he
Several leveis of displayed gains were investigated and some of the reo-

s:1ts reached are summarized as icllows:

a. Acceleration, veleocity, and position gains of 2ft/§g: 2.57ft/s: 12,5

vi.t, respectively, per inch of symbol travel was found to be optimum.

b. The acceleration vector with the ITED diqplav wqqhed out the effect
ot the different control augmentation systems. : .

¢. Mean positicn accuracies in the order of 1 foot andiless‘can he oh-
sined with manual control and the addition of an acceloration vector 2o the

‘ntegrated Trajectory Frror Display (TED).

"~ "Trgoubanos, C.: Covington, R., "Preflight T?af Stmu?wtzan af'SNperzr ood
1t spated Trajectory Error Cieplay3,” Technical Report 'ECOM 4184, Jahuary. 1974,
? pukes, T. A.; Keane, W. P.; Tsoubanoe, C. M.{ "Imige and Superzmponed

oz ology - An Mntegrated Diapiap jor hol:ﬂopterv," AHS Confvrences NEthngton.
pe., May 1973. ’




d. Displayed acceleration was useful in stabilizing the helicopter when

equipped with a Stability Augmentation System (SAS) rate feedback flight con-—
trol system.

e. Approach velocity had to be restricted to less than 5 knots in both
axes before switching into the hover mode to avoid overshooting the target.

f. The avirage time required by the pilots to minimize the positional
errors before data collection was initiated was 25 seconds.

g. All subject piints were in favor of having the acceleration informa-
tion displayed, although they felt it made thenm "work™ harder.

3. SYSTEM DISCUSSION

a. Aircraft Model. The aircraft dynamics used in the man/machine simu-
lation represented a CH-53A linear perturbation model. The helicopter model
including a fulil Automatic Flight Control System (AFCS) with both heading and
altitude hold were programmed on analog computers in the Tactical Aviomics
System Simulactor (TASS).

The model was "flown" by the pilot by use of the standard flight controls,
cyelic, collective, and pedals. The ajrcraft state outputs were used to drive
the basic cockpit instruments; the four degree of freedom (roll, pitch, yaw,
heave) motion system for pilet motion cues and also a visual system. Random

“gust disturbances were alse injected into the model in the longitudinal and
lateral axes to achieve i more realistic simulation. These gust disturbances
were passed through a first order filter with a 0.3 rad cutoff frequency and
werg oc¢justed to provide approximately 6 ft/s rms levels. Although they are
much higher than previous experimentl, it was telt that since acceleration
wou:d be sensitive to these gusts more severe valued disturbances vere re-
quirs:d, ' complers system integration with the pilot in the loop is shown in
bloct . ¢ . as bagure 1, :

b. Control Systems.

(1) Stability Aupmentation System (SAS). In order to simulate the
SAS control system, the attitude loops of the AFCS in pitch and roll were dis-
engaged leaving a basic SAS.  This control system tended to be oscillatory i
both axes and almost igpossible te stabilize under instrument flight. The
altitude~hold and heading-hold loops were engaged.

(2) Automatic Stabilization Equipment (ASE). This control system
is the full AFCS as provided by Sikorsky Alrcraft Coapany.

(3) Hover Augmentation System (HAS). The third control system used
 in the experinent was the HAS. The additional contrsl augmentation was used
only in the longitudinal-lateral axis. The aititude &nd heading-hold was dJde-
rived from the standard AFCS. The gains fur the HAS velocity, rvate and at-
 titude feedback loops and those of the forward paths were selected by the
manufacturer and experimentes, respectively. ’

(]
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c. Displays. Since the pilot was an active controller in the experiment,
his enviroument in the cockpit was kept as near as possible to familiar sur-
roundings. The instrument panel contained the basic instruments found in most
helicopters. These included radar altimeter, airspeed, flight director, rate
of ¢limb, heading, turn and bank. Power setting was provided, but no other
engine instruments were presented. These instruments were placed around a 14-
inch TV monitor (Figure 2) on which both a terrain video image representing a
38 bv 48 degree field-of-view (FOV) and the Integrated Trajectory Error Display
(1TED), ! shown in Figure 3, vere superimposed. Although the simulation study
roal was determination of the acceleration, velocitv, and position gain combi-
nations for minimum hover pogition errors, the complete ITED! symbology was
used in the approach to a hover maneuver to eliminate the scanning for atti-
tude, aititude, and rate of climb information since the approach mode was an
integral part of the experiment.

d.  Sensors.

(1) Electronic Location Finder (ELF). The ELF system operates on
the principle that the phase shift of a radio wave propagaied ttrough space is
proportional to the wavelength and the distance traveled. The system measures
the phase difference at cach of two pairs of accurately spaced receiving an-
tennas to determine the angle of the simnal from the ground beacon.® This
technique {s more commonlv known as a phase-comparison interferometer.

The basic signals received bv the budy mounted antennac for angle meas-
urerments are with rvespect to the nominal sftuation when the helicopter is
hovering perfectly over the radiation sourece, These signals are compensated
for roll and pitch attituydes. The resultant characreristie is such that sat-
uration occurs near +45° anLle of the beacon with rexpect te the antennas both
longitudinalivand laterally.™  The s Rﬁtth in Figure 4 shows the ELF block dia-
aram.

In the most straightforward huming_prnccdure, the helicopter is flown
tounrd the ground beacon by keeping th lateral deviation centered while the
fongitudinal indication, depending at e altitude, would be at full scale.
~The Tongitudinal indicator moves off full scale ondy when the distance is
about- the same as the altitade.  In other words, once the helicopter is in-
side the so=called +45° BELF cone, both longitudinal wnd lateral deviations
‘will osccur, . In arder to stoplify the caleulations of the displayed deviations,
censadering the satuaation pear #4557, the folliowing small angle approrimations
Care made for the measured angles: ' o :

) . »es e o
Fore, aft s v 8T 4 .y h-

4
R U, S R O A P C M
B tTS mnan e g e

i

Laeft, Right = o x< + ¢ + he

’Préiimiﬁary Technical Maaval, "peratio wd ¥adutonande &iectrgntv
Leertion Fiwdew Faghem JFLFLY PHB/S3e-1, Cebic Corporation.

“Contract DAABUA-T2-C0161 Phase 1I11. Final Report.. "lutegrated Hspiau,”
T, A, Dukes, Septomber 1973, : S
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The sketch shown in Figure 5 indicates this simple geometry.

. i
y 31 y-axis/'
7 Vl . ‘“ o
e
:'. "(J “".\ -
. 3 - -
-3 - -

P i-axis

Ground Velocity

Figure 5. Approach gecaetry

The saturation is approximated by limits when the ahove approxiwations
rveach values of *IIJZ; The general nature of the relatiouships is still re=
:ainud with these simplificat!ans. :

However, for low level flight, the distince represented by the cone is
not sufficient for deceleration to a hover. Therefore, overshvets are gen-
erally unavoidable. A technique has been devised by T. 4, Dukes to overcome
this prublcm. : : R o S o : :

{2) Acgeleration Sensor (VG-341). 5 The derivation of accelevation
was simslated to be pure accelevation as wuld be derived from the vertieal
gyro V8-341. Although the gyro was wot simulated, ics limits were incorpora-
ted. Jasically, the VE-34) fs a vertical gyro with accelerometers mounted un
the pitch and roll gimbals. The gyrc augles within +#%°, the accelerometer is

Cluneayr aad provides the appropriate acccleration in the horizontal plane,
Since acceleration is gust sensitive and noisy, attitude widch is not gensi~
tive to the high frequencies, vas also used in the expeviment. Only one eeoll
was included using attitude und this cell had apptoxtnat@ly the same gains
as pure accelerattun. '

TTTTTNG-341 - Vertical Gyroscope - Sales Speti%i»acioa. Sper:y Flight $yetens
Division, Phoenix, Arisouna.
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e. Experimental Design Plan.

n Background., This experiment was based on the results obtained
in a previous simulation! and a preiiminary study investigation of the accel-
eration vector. In this preliminary acceleration vector investigation, subject
pilot performance and comments indicated the acceleration wector a necessary
and required symbol for the precision hover task.

T T et N SR ERGE

In the above mentioned simulation! the results of one cell, Ig, indicated
that when the position and velocity displayed gains were changed from 25 ft:
5 ft/s per inch tol2.5 ft: 5.0ft/s per inch pilot performance improved. How-
ever, the increased "quickening" forced the pilot to "work" or concantrate voure
at the gi.eu task. The increased workload was not readily accepted by the sub~-
ject pilots. Their general comment was to return to the "other case" or 25
fr:5 ft/s per inch displayed.

It was then felt that something should be added with enouglh lead time to
drive the pilot to increase his performance and yet not complain ahout the
workioad. An additional result from pilot comment, which unfortunately was
overlooked, provided the answer as to what might be needed to drive the pilox
amd also increase his performance. These subject pilots felt that while they
were in che hover mode, the attitude information could have been of more use
if it was closer or even on top of the nominal hover point (Figure 6). What
the pilots vere asking for was for somethirg to give them lead information
kigher than that provided by the velocity vector, or simply, acceleration.

A preliminary experiment was set up with pure acceleration driving the
velocity vector tip (Figure 3). In addition to the acceleration symbol, vel-
ocity and position were also displayed. 1In this preliminary experiment, the
pilots were enthusiestic about the acceleration vector concept; however, ad-
ditional experimentatior wee vrequired to provide the information as to its
usefulness. It was then determined that acceleration should be displayed with
respect to the tip of the velocity vecror, With this display configarations,

_the pilot positicus the acceleration symbol on the position symbol and as long
as he keeps the acceleration symbol on the position symbol, the vector sum of
acceleration, velocity, and position will becone superimposed on each other as
the aircraft pos;txon orrors are zeroed (FPigure 7).

\2) periuental Deaign. The experiment was designed to answer two
questicas? e ' : -

{(a) . Hhac conbination of displayed acceleration, velocity, and
vogition vector galus ptévidad best hover poﬁitiou pérfcrmanca without sacri-
- fieing viiat aneepeance? _

A e B S e s

_ {b) Can the uisplay of acceleration inforwstion improve pilot s ,_: ~__,} :
- hOVﬂf parformance wheu the £light control syskems sre varizd? - A

_ Hith chesa two quastioaa in wiod, the desisn plnn was tntlblated.
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Four helicopter aviators were selected as subjects for this study; two
military and two civilians. Their experience ranged frow combat to preject
and test pilots. Although all were not qualified to fly a CH-53A, their ex-
perience included other military aircraft similar to the CH-53A and for the
study in question it was decided that the aircraft model should not become a
factor in selecting the pilots. The control systems were selected on the basis
of vhat systems are presently available and future designs were not consgidered.
They included the full AFCS of the CH-53A, the HAS system, and a SAS system.

Tvo positions and two velocity gains were selected, 25 and 12 ft/inch and
S and 2.5 ft/s inch, respectively, on the basis of past studies.! During the
preliminary tests, the acceleration vector gain (2.0 ft/sz/inch displayed) was
selected empirically such that it made the transition to the nominal hover
point critically damped. Using rhis acceleration gain as a base, three others
were selgcted. In all, the acceleration vector gains were 0, 1.33, 2.0, and
.0 ft/s* inch on the display.

The question of the high frequency gusts driving the acceleration vector
to a level that the pilot might object was throughly considered. Since pure
acceleration is sensitive to the high frequency ccmponeats of th~ gusts, an
alternative method of using attitude was used for the acceleration vector since
attitude would filter out the high frequency gusts components. It was decided
to use one level of attitude gain that closely approximated one of the pure
acceleration vector gains in the final selection of the cells. This attitude
gain was & deg/inch or 2.25 ft/sZ inch.

(3) Disturbances. One level of random winds were selected with a
sagritude severe enough to be reflected on the pure acceleration display vector.
The random winds were digitally derived with a gaussian distribution and filter- -
ed through a low pase filter with a 0.30 radian break frequency and adjusted to
give an ves value of 6 ft/s. Two independent generations were derived and were
~ recorded on tape. The gusts were introduced in the longitudinal and lateral
~ equations of wmotion of the simulated. helicopter model. An analog recoding{and
- filter i lhnua in Appendix B.) ' ' :

(4) Kission. The wission was designed a8 one that nmight have to be
performed vithina unding zone. or at a depot. in uoving contaiuets from poinr.
A to point B.

The atrcraft was triwmed at 100«foot altitude and approxisately 300 feet-
 from the tavsit. The pilot was lustructed to make an approsch to the target
or landing zone and terminate in a hover altitude, After performing o 2-ninute
‘hover, the pilot wes presented with a new position signal on his display, again

 approximately 300 féeet away. Once again the pilot had to go from hover to ap~

. ‘wroach by throwing a toggle switch on the collective. This switch controlled

- the weale factors in velocity froe 20 knots per iuch in approach to either
- S or 2.5 £t/s inch in hover, and position frow 25 ft/iach in approach to 12. 5
. ft/inch in hover. By hiving the pilot fly to &wo diffexent areas, ealy one
'rnpdicntiau of cach celi uuU»uneﬂ {n the experinanc. e




, | (€>__D1Lq fellectien ('n.xﬂl. The pilot coitrolled data collection
“tece e nltimately Aecidng Stccen s or abortion of a mission. 1t was the in-
tention te ot the plor Qecide when is position errors were minimized to

it acceptaile level to initjate data collection. Therefore, at his discretion,"

"o derressed a momentiry switch on the cyclic to initiate data collection.

Siace 1t was expecied that the time for initifalizing the hover mode to
vata rollection would vary between control systems, this time was also record-
<4 as another variable. The pilots were unaware that a timing measuring device
«1% heing used until the end of the experiment. Pilot comments were also re-
crded by an observer.

{(h) Di.ot fraining. All four suhject pilots were used in the TASS
mtlator in prior simulation studies. Three of the four.had flown the panel
wunted dispiav with the superimposed svmbology, the fourth pilot had flown
e symbojosy witiout tervain and an earlier version ¢f the ITED.® However,
Phe wceelscatron o vrbel was new to all of them.

They a1l recejved a briefing of the mission or task involved and an ex-
ntanatlor oY the display with and witheut acceleration. They were later in-
ffviduslly placed in the flight simulator cockpit for additional familiariza-
tion with the total svstem. ‘

Bec.suse the pilots had flown similar superimposed symbology on terrain
video and were familiar with the moving base simulator, very little training
wis required. The mast difficult and most time consuming aspect of the train-

ing was spent in the apprcach to the hoever. During this maneuver the pilot
switched the displayed information to ground referenced and changed the scale
factors by a factor of ten they found themselves experimenting on how to make
the transition from approach into hover. It was during these training rums
that one of the subject pilots devised the following technique:?

With the aircraft approximately 300 feet to the rear of the simulated ELF
position and at 100-foot altitude, the displayed positien symbol was saturated
igainst the limit of the display. This subject suggested that a slow descent
rate as well as a forward speed of some small value be initjated and at the
instant the displaved position symbol came off its 1limits, the subject would
20 into the hover mode. Having done this, he would then use the acceleration
vector symbol and follow it to the nominal hover point. -

The above technique was tried and after many trials 1: was discovered .that
ac long as the pilot kept the forward speed below 5 knots’ and the rate of de-
scent about 100 ft/min he had sufficient time to transition from approach into
hover without overshooting the target. ,

The metnod described above was then used to help train the pilots on the
transition phase from approach to hover. 1t worked well for the HAL and’ ASE
control systems, but when the SAS system was selected, the pilots had more dif-
ficulty anc required additional training. The major part of the training tlme
was used to train the pilots in-flying with the SAS.

"7 ®Keane, W. P.; Milelld, R. J., "Preeice IFR Hovering - An Operaticonal !wed
gand a FCJSLth Seolution,” AGARD Confer nce, May 1971,

"Madison, J.; Park, CPT, USAF: - ‘fe, Paul J, MAJ, USAF, PAVE Low II
ivaluation of an FEleetromic Locating nder Coupler System in the HH-52 Heli-
~mtepr," Technical Report No. 73-47, vember 19713,
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Once again, it shculd be noted that the malor pilot objection was only in
the transition phase from approach to hover but as scon as hover was establish-
. ed, pilots quickly damped the aircraft oscillations and performed the required
tasks well. Training data was collected and when the results began to corre-
spond with those of past studies, formal data collection was initiated.

(7) Cell Breakdown. Thirty one (31) cells were selected for the ex-
periment. They consisted of a baseline cell used in a previous experinentl
without acceleration; four pure acceleration gains, two velocity gains, two
position gaians, three control systems, and one attitude displayed acceleration
gains,

The attitude acceleraticm was not used with all combinations of position
and velocity, because another group was to investigate it. A hreakdown of the
cells ig shown in Figure 8. .

4. DATA REDUCTION

An on-line digital data reduction program was used. The variables con-
sidered important for this study were the radial ground pesition, altitude,
~ alrcrafc flight variables (attitudes and rates), and pilor control movemenis.

_ These variables were sampled at 5 samples per second. The digital program
calculated the mean, standard deviation, rms, variance, and maximume-ninimum

values for each variable for the 2-minute hover, and the results were output

on the line printer (Figure 9). In addition te the above, the observer also

recorded the time required by the piilot to minimize the positional errors to
hia (pilot) acceptable level. before data collection was initiatel..

a. Presentationsg. The results ohtained from the four subject piiots :
- during the expeviment were simplified as to the number of variables (see Come-

. puter Printout, Figure 9) analyzed and the most siguificant and interesting

-cells of the experiment are shown with mean, standard deviation, root mean
‘square (rus) and vange in bav graph foxm as a function of radisl ground posi-

- tion parformance and control systems (See Appendix C, Figures C-1 threugh C-10).
From these bar graphs a selection was wmade of the cells thut gave the b&st ro-

su;ts in wean, rus radial ground position dnd mean altitode, .

R Analzsis. As stated previously, this study was priﬁawily désigned to
deterasine the optimun accelevation and velocity vector gains that reduced the
- horizentsl position errors to a ninimewm level independent of control systems
‘and without pilot objection with respect to "work-losd." Becouse the experi-
- mént consisted of two different velocity vector gaius with thyee combingticas
~.of acceleration vector gains, the results for ainimal vadial wvms and mean
ground position for each velocity vector gain and its cosbination of three ac-
celérations vere conpared, and the optivum acceleragion-velocity vector wag
" selected. Also, che tesulcs obtained usias the ancelesatiou.aaa ine huded in
the selection.’

The above selection ok acéeleration~§elﬂciey galos are showu with tbe-

" baseline data as functions of radisl xus. and radial xean ground and conttol
, sys:en (Pigures 10 and 11) ’ v , L
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ot it g

, Run | Cell T 77[ Positian | Velocity | Accel Attitude Gust

No. No. | Control ft/in. fps/in. | frs/in. J/in. Repl fps/in,
i 1 ASE 25 5 0 0 1 6.0

2 2 SAS 25 5 0 0 1 6.0

3 3 WAS 5 5 0 0 1 6.0
4 b HAS 25 5 2.0 0 1 6.0
5 5 SAS 25 5 2.0 0 1 6.0 |
b 6 ASE 25 5 2.0 0 1 6.0

7 7 "ASE 12.5 5.0 3.0 0 1 6.C

8 8 HAS 7.5 5.0 3.0 0 1 6.0

9 9 | _SAS 12.5 5.0 3.0 0 1 6.0
10 10 SAS 12.5 2.5 1.33 0 1 6.0
i 11 11 HAS 12.5 2.5 1.33 0 1 6.0

12 12| _ _ASE 12,5 2.5 1.33 0 1 6.0
13 3 SA3 12.5 2.5 2.0 i 1 6.0 |
1% | 1% WAS | 12.5 2.5 2.0 0 1 6.0 |
15 15 ASE 12.5 2.5 2,0 0 1 5.0

16 16 "HAS 12.5 2.5 3.0 0 1 6.0
17 ] 17 SAS 12,5 2,3 3.0 0 1 %0 |
18 1 18 | ASE 12.5 2.5 3.0 0 1 5.0
19 1 19 HAS 13.5 5 1,33 0 1 6.0

20 1 30 SAS 12,5 5 1,33 0 1 6.0

21 | 21 ASE 12,5 5 1,33 |0 1 6.0

23 23 ASE 12,5 5 2.0 0 1 6.0
) 23 SAS 12,5 ) 2,0 "0 1 5.0
74 Iy HAS 12,5 5 2.0 0 ) 6.0

25 25 T HAS [ 13,8 5 0 0 1 6.0
36 1 2% ASE 2.5 1§ 0 1) 1 6.0
27 1 27 ASE N 3 0 1 6.0
28 | 78 ASE | 25 5 L T XN
29 1 20 | HAS 1. 12.5 1 2.5 0 AT 6.0 ]
30 30 | ASE | 12,8 | 2.5 ) ATICN Y 6.0
31 1 31 | 5AS —12.% 2.5 0 50/in, 1 1 5.0

Cetl breakdown

i

Figure 8¢
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ANDTLLRET PO OTMANCe [al e 0 Likd: wos analveed is alticude.  Sined '

Vas aShtad o be wear 0 70 0 Ll aititude betore ae foftiated tie dac -

covtler, ft was {eit rhat - woviqrlons about the refereance altitude sty o
reseated.

Gl G e Akt COoncer rratiua  vled Ly asa ERaT pave o
Cunar giound posit i, srtorn WS usee to stow thie altitude deviation bt
'

oo condition g o Tamorion ol ¢ontrol svasiens. These altitude Sovioot

Ler:

aoven In Figure 10, -
one vther patameter tiog wen recorded v the 1hae required by the o
the time hie elanpes Peo et crs o bever st o) e dabtlated tle o

eoc by, nnrl"}', e a1 aternt ) \”"'-’f',"r. beowas o7 ‘.‘»'tud th.t th(' LA Y
requlred ta miaam ! Ut bap b aiior: 1o Wity accuptable laved ‘
G the misalion, Lot b ey A yae s 2AN ar ML would be & v
viar to reear. b oaysr o e uf o pomittonal rrars resules oo

othe three oot od oo e v caw tioped L cHEeE A optinee e

f ar ainimum Lt o0 Lre oy b o v b b Fhon (AN} ocgmt“,ﬂ af jue
s For data ool be b BT Coppe b o Pt b ol L
e the calln yrreaint S ek theee ot Lk Adbeleeat

ity vector galog that g oo wot i st gl pioibleiidl BERGES:
- variables were analy-+¢- tte niiat workload and the aircraft attituce: .
. wugh pilot workload was .t mto w.od by some “elaborate"” techmique, t
.. atick rms signals were vec .r. i, Th. i@ are shown in Figure 14 as
tions of rms ground positicn (rrors for the cases of acceleration-velo.
,...: mentioned above. 1his technigue, aitbough not a true indicationm «f . ¢
‘oad, still glves an indicati.n af oitor stick movement as a functio
- ol as well as positinn ncraraoy,

tinally, the aircraft attituee aod attrcade rate Tms and range values .~
twaw. in Figures 15 through 18 as “onperions of control. The selection of th.
"1t variables was to evalunic the sirceratt responses with the three coatr

Qb

UBJECT PILOT COMMENTS

Before the actual experiment wis .uaducted, a training period was re-
‘..-d. During this tratning poriod, t4e subject pllots flew the three oui
systems, ASE, SAS, and 05 with cuc velocity vectsr and position, bLurt
-it.ut the acceleration veutsr.

The pilots were required to mike an appioach to a hover, and at his di=-
.. ion hegin the data collection. 7l subjects seemed to bave no diff i ait

., tha ASE and HAS svsarem. liowever, Lhev complained strongly about ti - hano
J1.: qualities of the helicopier with the *AS system. They felt that the -
..r. was "unnatural” to fly, 1t was purposcly Intended to have such larpe .o

ci.tions in controt systems tn order to determine the usefulneus of the .-
~teration vector.
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Because of the ditficuity cacountered by the pilots with tue SAS, most of
tae training time was spent on thl: control system. When they felt that they
had sufficiert time on SA%, then ithe balance of the :craining period was con-
ducted with the acceleraticr vector, v~olority vector, position, and each one
of the tnree contr.] systems. Their rirs. jmprescinn of the acceleration was
that it was tro "jerky,” that is, it moved too fast and was unpredictable.
With additioral training, thev began to become more confident in being able to
ase the accaleration not ouly to held pesition, but to also stabllize and im-
prove the handling qualities of the SaS system. The comment that acceleration
vas a must with the SAS svstem was stated repeatedly by the subject pilots.

As to their workload, once tley bezan to understand the use of the ac-
‘elerationn verror, thev did not sevem to mind the jerkiness, although they con-
sidered tlemselves te be "worring' harder.

’)

<

In sumasry, all subjocts agreed that they wanted a medium level (2 ft/s
in) of the acceleration vector but werm not really sure why they wanted it Jis-
prlayed. One comment was that witn acceleration displayed, the pilot knouws
"where the stich is centered.” \nother comment was that the acceleration
vector ""tells him which wav to po. Still another was that now he "does no:
hzve to Yook at atticude in\ormdtiun.“

In the compariscn of pure geoesleratiou versas cttitude displaved, their
general comment was the attitude derived was rere predictable and less sensi-
cive, hut they felt that it was "slugprish™ compared to the pure acceeleratien
CaAses,

&, DISCUSSION OF RESULTS

The geal of this experiment was (o simulate and Jdetermine the optimum
displaved gains for the accelerations and velocity svmbology as o function of
three different control svstems. The rvesults of the simulation were to be in-
corporated in the RAVE precision hover {light test program.

The hageline used to wvaluare the poteotial of the acceleration vector
was taken from a provious study.!  The baseline consisted of displayed ground
position and velocity symbology gains of 5:1 ratio per tach of travel on the
Jisplay.’

tsing the above as a baseline, the colls shown in Figure 8 were formed.
fnvivded in these cells wers twun weolocity “é\tﬂr *ains of 5 and 2.5 fo/s, and
three accelerarion vestor gains of 3 fe/ad, 2 fu/s?, and 1.33 fe/s? per tnch of
travel on the display. The criteria for wvlcat;ng the aptimum displaved gadns
were pased on the hover porformed and subhject piler comments.  The averaped
resalts of the meap standard deviation, rus and range (peak values) for the
four subject pilots ave shoun in hargraph form In Fipores ©-1 throagh ¢~
1. A comparison of the performance of the three scceleration gains with the
three control systems and the tve velocitv gains are shown iun Figores 11 and
12, An additional comparison of perforsance iz wmwade of ;he attitude with the
pure acceleration in Figure 13.




In general, the results indicate that any of the acceleration galns with
either velocity combination is helpful to the pilot in reducing the radial
ground position errors to less than 2.0 feet (rms) as compared to the baseline
of less than 5 feet (rms). However, the radial dispersion in ground position
performance for each control system with the three accelerations and the two
velocities are approximately 1.1 to 1.8 feet SAS, 0.95 to 1.35 feet ASE, and
0.65 to 1,0 feet HAS (Appendix C, Figures C-14 and C-15).

The only significant dispersion in radial position with different acceler-
ation gains can be found with the SAS system. The slight differences of per-
formance between the ASE and HAS control systems with the different accelera-
tion gain might be due to the display washing out the effects of the control
system as well as the acceleration.

From the curves shown in Figures C-14 and C-15, and pilot comment as to
the preferred acceleration gain, a selection of the appropriate cells was made.
These cells were judged on minimal position errors and consistency throughout
the three control systems. This choice along with the baseline cells is shown
in Figures 1 and 2, following this discussion.

Included in this selection are pure acceleration gains of 2 ft/s2 and the
attitude gain of 4 degrees per second per inch of travel on the display. Both
velocity gains were also selected since the differences in position error is
less than 0.25 feat for the above mentioned acceleration gain.

For the above selection, some additional analysis was performed. The
pilot's performance in descent te the prescribed hover altitude of 50 feet was
best accomplished by the displaved attitude. The deviations about the 50-foot .
reference were less than 3 feet for S$4S, 1 foot for ASE to almost zero for
HAS (Figure 3).

Another variable that was recorded wvas the time required by the pilot to
make the transition from approach to the hover maneuver aud to winimize the
position error to hig liking before he initiated the data collection program,
This parameter was of interest since it guve some baseline information as to
flight time required in the terminal maneuwvers. The time required is a function
of fuel burned and as such it is an {mportant parameter., The reosults of the '
above are shown in Figuve 4. The acceleration with the low level velocity ve-
gquired minimem time: 26 seconds with 8SAS, 1 secounds with ASE, and 19 seconds
with HAS, There is, however, no appreciable Jdiffevence between the results
statod from those of the baseline cell, but there {s a significant difference
between pure acceleration and attitude with HAS of approximately 10 secouds
increase. One explanation for this increase can best be derived from piloe
comuent. The pilots felt that with the HAS system and Jdisplayed astitude “"the
system felt sluggish.” The pilets had adopted a technique of swmall contyel in-
puts from approach into hover for flying the more responsive 5AS amd ASE sys-
tems. They appavently were using the same technique while flying the HAS, bst
this system is nuch wove dampened. More control movement was required to
achieve higher velocities to minimize the position errors quicker and the sub-
jects were anticipating driving the system into fostability.
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Pilot workload was also measured by recording the rms stick position
(tougituuinal and lartersl), 7n Uigure 35, the results of the baseline and the
vrevious selected ¢ iis arc spown és functions of rms ground position and rms
conrrol displacemeni., The mout obvious observation is that the acceleration
vector reduces the radial ponrtico, e ror trom approximately 5 feet to less
rhan 1.5 *eet and the conrrui dissjacement from 0.75 to 0.5 inches rms for SAS.
cur the ASE, position errurs reduced from 1.8 feet to abuvut 1 foot without any
apparent stick displacement improvement., The HAS system shows improvement in
vradial ground position frow 1.7 foct to less than 1 foot and stick displacement

from 0.35 to 0.15 inches.

¥inally, the aircraft attiiudes and rates for piteh and roll for the se-
‘ected accelera-ion and velocitv cells, as well as the baseline, are shown in
Pigures o through 9. Ta general, displaced acceleration or attitude with
either velocity combinations tend to reduce or dampen the aircraft oscillations
The pitch rms attitude was less thauw 0.4 degrees and pitch rate about 0.€ de-
arees per second with a negative slope i1s a function of more complex systems.
The peak values tor pitch attitude and rate were 3 and 4 degrees per second
with the same general negative trend with more complex contrel system. The
snly significant improvement (39-40 percent with displaved acceleration or ai-
‘itude) in aircraft pitch oscillations can be observed with the SAS control
systems,  The accereratior vector tends to provide the dampening cequired to
wake this svstem compatible to the ASE or HAS.

In the roll axis (Figures 8 and 9), the acceleration vector seems to have
4 wore pronounced effect. There Is generally greater than SC-percent reduction
from the baseline roll attitudes and rates for the SAS and HAS systews and ap-
parently no change at all with ASE. The reduction is equivalent to the leve!l
of the ASE system. This is probably due to an increase of artificial dampen-
ing provided by the aceeleraticn vector and along with the ITED display tend to
washout the effect of the different contrel system.

in sumaary, the results chtained in the TASS Simulacor indicate that the
aceeleration vector, whether its pure or attitude derived, can be used with
differeat contrel system augnentations te perform precision hover tasks of
Tess than 1.5 feet rms.  The tinding alse shows that the acceleraticva vectar
with the ITED display tends to washout the contrel system augaentations as
well as reduce the pilet werklead. '

7. CONCLUSICHS AND RECOMMENDATIUNS

a. Ponclusions. Several counclusions can be made from the expariment
Jata, the resulting data analysix, and the use of pilot coamments

(1) Displayed avecleration was renuired to enable pilots to satine
tacterily stabilize the helicoptor medel when equipped with a 888 t1ight con-
rrel system. : ' : ' ‘

(2) Meawn position accuracies in the ovder of 1 foot and less can be
obtalned with manual control and the accelevation vector =i the display.

{3) Differences in groun:d position orrors due to a variation of ac-
celeration vector pains were washed out by the HAS system.
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(4) The acceleration vector washes out aircraft flight variables of
rate and attitude.

*

(5) Ideal or pure acceleration, velocity, and position gains of 2
fr/s2: 2.5 ft/s: 12.5 ft/inch displayed were found to give the minimum radial
ground position performance.

(6) The approach velocity to hover had to be restricted to less than
5 knots in both axis to avoid overshooting the target.

(7) The acceleration vector was a driving device in forcing the pilot
to better his performance.

(8) Pilot comment was that the acceleration vector made them "work"
harder.

(9) The pilot performance is reduced by a factor of twp with the ac-
celeration vector and the SAS system, yet the rins workload stick movement is
identical to that of the ASE without the vector.

{10) The average time required by the pilot to minimize his errors to
an acceptable level before data collection is initiated is about 20 to 25
seconds.

b. Recommendations. It is highly recommended that some of the results
obtained in this study be incorporated and flown in the Research Aircraft for
Visual Envivomment (RAVE) flight tests to include: '

(1) Pure acceleration derived from the gimbal mounted accelerqmeters
2 fu/s per ianch displayed. '

(2) Attitude derived acceleration 2.25 ft/éz'per inch displayed.

(3) Low velocity and position senﬂitivity of 5 fe/s: 12,5 fr/inch
displayed rather than the high velecity sensitivity of 2.5 ft/s since the noise
of the wvelocity sensor will appedr on the display.

(&) \f possible, to diseugage the AFCS and fly the sirceraft with the
548 aad the acceleration vecter ov attitude. '
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APPENDIX A

HELICOPTER ROOT LOCUS ANALYSIS
HELICOPTER MODEL

The linearized equations of motion

for the CH-53A helicopter used in the
man/machine simulation and the analvsis

are shown below.
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The dimensional derivatives for the hover condition used in the simulation and
for the analysis performed are indicated below.

Longitudinal-Vertical Axis Lateral-Directional Axis
Uo Ft/S Hover
X 0.0 Yp -1.43
Z, 0.0 Yy 0.850
z, ~0.303 L', ~0.0128
' -
M, 0.00204 L p 2.31
Mg, 0.0 L', 0.0946
My 0.00075 N'y 0.0033
(Mg + M) ~0.438 N'P 0.0166
H, 0.0 Ny -0.236
8 32.2 g 32.2
Xa08 0.0 B Yorr - 18.9
2518 , 0.0 ' . L',us : _ . 2.4
2205 ~276.0 T L'ap o » 2,18
Maps -4.32 | N'ars 0.086
HA0S ' 0.680 N'atR : -5.12

Using the abeve stability derdvatives and the root locus sethod, an anal-
- yeis was performed to imvestigate the effect of displaving'accalerstieu. vel-
otity and position on lquitué1n b manval hover performance. The analysis
aleo includes the effects of the ASE aud SAS feedback control system since
thase systeas provide the inner loop closuris. The block diagram below shows
the basic matrix set op used to selve the helicopter equations to pex:orm thL
rtquired analysis.
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wvhere A = Helicopter Dynamics Matrix

=
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Helicopter Contrel Matrix
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Helicopter Feedback Matrix

Displav Gains

.
|2
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=
¥

Display UDvnamics

Pilot Gain

Position Refevrence

. 3
o
*

-3

Position Error

-
L §

Pasition Qutput

The first control systes to be (ovos igeted was the Mustomatic Stabiliza-
tion Eguipsont {(ASFE), This system provides pitceh rate and attitude autamat-
ically and s reprasented bhelow.

S1g %+ (0,378 + 0,592) _ A-1
8

The closed loop transfor funztisn for *’BIS with the above equation in the
inaer loop closure becomes :

8 = -6,.33 (8 + 0.0001) (& +0.3) A A-3
Byg (s + 0.026) (S + G.3) (5 ¢ 0.91 # j1.31)
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The dominant roots for this attitude loop closure shown in Figure A-l is the
complex pair

S + 0.91 + jl1.31)

This pair of closed loop roots show that the aircraft has a natural frequency
of W, = 1.59 and damping rstic & = 0.57. With this attitude or imner loop
closed, the position open loop transfer fuactions after solving the matrix
equation for _X becomes

BIS

X = 32.8 (S+0.3) (§+0.22%42.07) A-3
BIS S (8§ +0.026) (S +0.3) (5+0.91 + ji.31)

To this open loop transfer function, displaved velocity and position were
added. It should be noted that the simulation study as well as this analysis
include only the manual precision hover task. The automatic precision hover
was not covered. This technique should be investigated in a future study.

For the manual hover task, the displaved symbology may be viewed as a
feedback device with displayed symbol gains as the feedback gains of ar auto-
matic system., The firgt set of symbols displaving velocity and position were
determined in Reference 6 to be in the ratio of 1.0:0.2 (velocity: position)
and may be expressed as

Brs =k, (5 + Kx) = 0.4 (5 + 0.2 A=4

13
Ky

X
The sum of velocity and position introduces a lead term or zere in the
nuperator of BEquation 3 by direct substitution.

Since the pilot ig the active controller in the manual hover task, a
pilot model is required. A simplified mudel vhich assumes the pilet o oper-
ate as a pure gain, K i3 used. Jt Is alse assumed thaz the pilet utilizes
each of the displaved syabol yainz in the ratio that they appear Lo perform
the hover task. The new open loop transfer function using Equations 3 and 4
and the pilet gain Kp pow becnses

X LB 0. KD (S ¢ 0.2) (54 GE2 4 ) 207) (S 4 0.3) A=S
B1s ST S 0.0%6) (5 5 031 (8 + 0,91 % 11,51

4

The root lecus of the above transfer function with varyving pilot gains K, is
shown in Figure A2,

Vhen scceleration, velocity, and pesition are displayed {n the r, “io of
1:.8:.16, respectively, the feadback coentrol equation becowmes

Bis w ke ST 4 Ky § ¢ Ky) = 0.5 (82 + 0.8 5 + 0.16) A-6
X s =
&'x K&
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The vector sum of this'equation introduces a double lead term in the num-
erator of Equation 3 by direct substitution.

The open loop transfer function using Equatfons 3 and 6, and the pilot K
becomes

X = 32.8 (0.5 \p) (52 + 0.8 5 +0.16) (5 +0.22 + §2.07) (S +0.3) A-7
Brg S (S + 0.026) (5 +0.3) (5 + 0.91 # §1.31)

The root losus of this transfer function with varying pilot gain Kp is shown
on Figure A-3.

A comparison of Figures A-2 and A-3 indicate that there is no significant
improvement in controlling position for low pilot gain Ky with and without ac-
celeration. However, as the pilot increases his gain ( = (,1), the damping
of the dominant roots without the acceleration displayed (Figure A~2) tends to
be reduced. This reduction in damping forces the pilot to generate additional
lead from some other source to dampen the aircraft positicnal oscillatioms.

The analysis of displayed acceleration, velocity, and position was also
carried out with the SAS system. The closed loop transfer function for _6_
with the pitch rate in the inner loop is B1s

8 = 4,33 (S + 0.0001) (8 + 0.3) » A-B
Byg (5 + 0.3) (S + 1.85) (S - 0.008 + §0.19)

The closed locp roots are shown in Figure A~4, It should be stated thet to
generate the SAS only, the attitude loop of the ASE systen was set equal to
zero, thus preving a 3AS system, The particular gain 0.33 Gﬁ does not seem to
be sufficient to make the system stable. This unstable elosed loop system
was solved for the manual position contrel of X which is

B1s

X = 32,8 (S+0,3) (s +),22% 32.00) 49
Bis 8 {3+ 1.85) (5 + 0.3) (§ ~ 6,008 + J0O.19

To this transfer functlon velocity amd positioﬂ vere added to provide a lead
term or zevo shivwn by

Brs w xz (5 + Ky) = 0.4 (5 + .2) A-10
as was donie with the ASE cass. The open loop transfer function becomes

X = 32.8 (0.4 Bp) (5 + 0.0 (54 0.3 (5+0.22% 0,07 A-11
Bys S {5+ 1.83) (5 4+ 0.3) (5 - 0.008) + j0.19)

and 1ts yoot locus is s .own in Figure A-S.
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o

Acceleraticn, velocity, and position were also sdded in the same ratios
as the ASE case

Brg = 0.5 (52 + 0.8 S + 0.16) A-12
X .

This displayed tunctien provides a double zero or lead terwm to the nilot. The
new transfer fumction with Kp as the pilot gain is '

X _32.8 (0.5Kp) (s2+0.85+0.16) (§+ .3) (S~ 0.22 % 12.07)
Bis S (S + 1.85) (S + 0.3) (S -0.008 + 10.19)

A-13

its root locus is shown in Figure A-6. A-comparison of Figures A-5 and A-6 in
{i{cates that for low pilot gain < 1.0, the position cuntroi with only vel-
ocity and position displayed is umstable. The addition of acceleration pro-
rides the pilot with enough lead time to make the posicion control task pos-
sible without inatability even for pilot gains Kp < M.

In summary, this aralysis shows that displayed acceleration does increase
nositional stabjlity and damping. It also shows that an unstable system can
be driven into stability with less demand on pilots to provide high gaim and
lead compensation.

2. STABILIZATION

Three control systems were used in the ezpérinent. The feedback aa weli
as the forward path gein are shown below. .

a. Automatic Stabilization Equipment (ASE).

(1) Pitch.

41




Sig

ATuUo gys yirm pue ‘uorlysod ‘A£3yooiaa ‘uoyieiaieode puleidsip yzm X 3o snooy Jooyg -g-y o9andyg

o2 - (91 + 59" +,9)8 = m.m

TSHI¥S 034V 14510
(61 {3800 ~5)(8 +5){50°1+8)8 g

(L0°2!F 23 +SH(E +SHSI +89°+ oS1(EAp ) g 28 X
*SNI¥9 GIAVIdSIO ONY NOILONAS ¥34SMYYL 4007 H340

o 4

0l Y 02 2. ?
- R - ¥




(2) Rull,

(3) Yaw.
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(4) Coilective,

RASAR ALTITUDE SET

COLLECTIVE
STICK

3. STABILITY ANGMENTATION SYSTEM (SAS)

a. Pitch,

R, L e e o A b L 2 e g R




b. Rell.

Srick

c. Yau.

Srarhb i i




d. Coilective., :

COLLECTIVE
STICK

4. HOVER AUGHMENTATION SYSTEM (3AS)

a. Pitch.
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. Yaw.
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d. Coliective.

RADAR ALTITUDE SEY

—is 32

CULLECTIVE
STInk
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APPENDIX B
WIND GUST GENERATION

A simplified diagram is presented to show the first order filter and also
the analog response of the gust.

N
-
L0 .
I ) p: -\, f‘
P S N\a T
NN
=
PN ~ )
- 18
- ’
N RN . ~_
A ~ - o .
™
~
~

Aok e AT A




sadeal Joreur 3Isnd wopuey 1-g aangr g




i S RETINNT s

APPENDIX C

S orom hen

SUMMARY OF RAW DATA

PP

Here the raw results obtained from the four subjects are presented in
Figures C-1 through C-15,
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Figure {-6. Ground positicn verses control svetems ang celis 25, 24
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Figure C-7. Ground position versus ccntvol system and cells 7, 3, 9
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Figure C=15. Mean ground position versus coutrol system.
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